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Abstract: We propose a new method for calculating the volume depolarization ratio of light
backscattered by the atmosphere and a lidar system that employs an auxiliary telescope to detect the
depolarized component. It takes into account the possible error in the positioning of the polarizer
used in the auxiliary telescope. The theory of operation is presented and then applied to a few
cases for which the actual position of the polarizer is estimated, and the improvement of the volume
depolarization ratio in the molecular region is quantified. In comparison to the method used before,
i.e., without correction, the agreement between the volume depolarization ratio with correction and
the theoretical value in the molecular region is improved by a factor of 2–2.5.
Keywords: lidar system; depolarization channel; calibration; error compensation; depolarizing
particles
1. Introduction
The type and origin of atmospheric aerosols can be studied with the measurements provided by
multiwavelength lidars. Those measurements provide useful products, among them [1] the lidar ratio
(that relates the retrieved aerosol extinction and backscattering at the used wavelengths); the ratio
of lidar ratios at two different wavelengths; and the color ratio or the Ängstrom exponent [2], which
compares the retrieved backscattering and extinction at different wavelengths as well.
The lidar depolarization technique has been used since the 1970s and provides useful additional
information for atmospheric sciences, see e.g., [3] or [4]. In the field of aerosol characterization, the
information associated with the depolarization has been widely used in combination with the optical
products indicated in the previous paragraph (see, e.g., [5–10]). Moreover, the depolarization ratio is
extremely useful in the retrieval of the atmospheric boundary layer (ABL) height since it allows us
to discriminate between the aerosol within this layer and different aerosol types coupled to the ABL
height based on aerosol data [11]. Wandinger et al. [12] showed how different types of aerosols and
clouds can be identified by using combined data, including color and depolarization ratios. In this
manner, the usual set of lidar products can be combined with depolarization information to improve
the aerosol classification algorithms (see [10,12,13]).
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Beyond aerosol typing, useful information about the microphysical properties of the atmospheric
aerosols is provided by depolarization measurement techniques. The main interest comes from the
relation between the particle shape and the depolarization, improving the detection of non-spherical
particles (see, e.g., [14–17]).
We have presented recently [18] the implementation of a new architecture for a depolarization
lidar. It is based on a two-telescope arrangement: the main telescope collects (among other returns)
the elastically backscattered light at 532 nm, without any polarization discrimination; the auxiliary
telescope collects only the depolarized component of the backscattered light at the same wavelength.
With this system, the volume depolarization ratio can be calculated by comparing the outputs of the
two channels, taking into account a system calibration profile that includes information of the different
responses of the channels [19]. The correct retrieval of the volume depolarization ratio is strongly
dependent on the position of a polarization analyzer in the auxiliary channel, which must be oriented
exactly at 90◦ from the transmitted linear polarization.
The purpose of this paper is to present a method that permits, from the outputs of the system
calibration process, an estimation of the actual orientation of the polarization analyzer and to use this
information to improve the calculation of the volume depolarization ratio.
The estimation of the actual orientation of the polarization analyzer is obtained by comparing
the ratio of the signal of the depolarization channel over that of the total power channel at the two
calibration positions (+45◦ and −45◦ from the nominal position) proposed by [19], at a distance from
the lidar system where the atmosphere is assumed free of aerosols.
The estimation of the volume depolarization ratio [18], which is obtained from the comparison of
the depolarization and total power channel outputs, can be corrected by considering that some amount
of co-polar backscattered power is being detected because of the non-ideal position of the polarizer.
2. Proposed Method for Estimating the System Calibration and the Atmospheric Volume
Depolarization Ratio
The lidar system measures along the vertical axis, so in the forthcoming the distance R from the
lidar represents the height above the system.
The voltage signal obtained at a total power channel detector output can be written as
ST(R) = VT(R) · PT(R) (1)
where VT(R) is the elastic total power channel responsivity at distance R, including the effect of the
partial overlap [20], the fiber bundle transmission, the losses in the wavelength separation unit and the
detector responsivity.
PT(R) is the backscattered light power collected by the main telescope at the working wavelength,
PT(R) = P‖(R) + P⊥(R), where P‖(R) and P⊥(R) are the co-polar and cross-polar received powers.
The voltage signal obtained at the depolarization (auxiliary) channel detector output can be
written as
SDep(ϕ, R) = VDep(R) · Pϕ(R) (2)
where VDep(R) is the depolarization channel responsivity at distance R, including the effect of
the partial overlap. In the case of a two-telescope system, VDep(R) is different from VT(R), given
the different positions and optical properties of the telescopes and also the—in general—different
responsivities of the photo-receivers. Pϕ(R) is the fraction of the depolarized backscattered light at
distance R, detected when the polarization analyzer is rotated by an angle ϕ with respect to the plane
of polarization of the transmitted laser pulses. Pϕ(R) will have contributions from both the co-polar
and cross-polar backscattered light, depending on ϕ:
Pϕ(R) = P||(R) cos2 ϕ+ P⊥(R) sin2 ϕ. (3)
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We will define the depolarization channel system function as
V∗(R) =
VDep(R)
VT(R)
. (4)
While it is extremely difficult to estimate both VDep(R) and VT(R), it is possible to determine
V∗(R) by means of a calibration process which compares the output signals of the total power and the
depolarization channel.
Let us define the observable δ∗ as
δ∗(ϕ, R) =
SDep(ϕ, R)
ST(R)
=
VDep(R) ·
[
P||(R) cos2 ϕ+ P⊥(R) sin2 ϕ
]
VT(R) ·
[
P||(R) + P⊥(R)
] . (5)
Now let us define the linear volume depolarization produced by the atmosphere [19]:
δV(R) =
P⊥(R)
P‖(R)
(6)
where P⊥(R) is equal to Pϕ(R) when ϕ = 90◦, containing only depolarized backscattered light. This is
the first atmospheric depolarization parameter that can be measured and this paper is devoted to its
correct estimation.
We can relate the observable δ∗(ϕ, R) and the linear volume depolarization ratio δV(R) by dividing
the numerator and denominator in Equation (5) by P‖(R):
δ∗(ϕ, R) = V∗(R) · cos
2 ϕ+ δV(R) · sin2 ϕ
1+ δV(R)
. (7)
In order to estimate V∗(R), we will perform two measurements with two different values of ϕ
separated by 90◦ with respect to a nominal ϕ0 position:
ϕ− = ϕ0 − 45◦
ϕ+ = ϕ0 + 45◦.
(8)
Then,
δ∗(ϕ−, R) = V∗(R) · cos
2 ϕ−+δV(R)·sin2 ϕ−
1+δV(R)
δ∗(ϕ+, R) = V∗(R) · sin
2 ϕ−+δV(R)·cos2 ϕ−
1+δV(R) .
(9)
Then we can obtain, independently of the specific value of ϕ0,
V∗(R) = δ∗(ϕ−, R) + δ∗(ϕ+, R). (10)
When performing depolarization measurements, we will orientate the polarization analyzer at
a ϕ = ϕ0 position, which theoretically should be 90◦. From Equation (7), we can obtain the volume
depolarization by measuring the observable δ∗(90◦, R) and calculating
δV(R) =
δ∗(90◦, R)
V∗(R)− δ∗(90◦, R) . (11)
This is the most common procedure to measure the volume depolarization ratio, as it is found
in most references (see again [19]). Nevertheless, it relies on the exact value of ϕ = 90◦ to avoid the
crosstalk of the co-polar backscattered signal P‖(R) in the depolarization channel.
While it is relatively easy to ensure, by means of a simple mechanical setup, that the calibration of
our depolarization channel is performed at two different positions for which the difference ϕ+ − ϕ− =
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90◦ is established with errors below ±0.1◦, the exact ϕ0 position is prone to larger errors, as it can
be affected by some mechanical error or by some instability of the polarization of the transmitted
laser pulse.
To estimate the actual value of ϕ0, we can subtract the two equations in (9):
δ∗(ϕ−, R)− δ∗(ϕ+, R) = V∗(R) · 1−δ
V(R)
1+δV(R) · cos 2ϕ− =
= V∗(R) · 1−δV(R)1+δV(R) · sin 2ϕ0 =
= [δ∗(ϕ−, R) + δ∗(ϕ+, R)] · 1−δ
V(R)
1+δV(R) · sin 2ϕ0
. (12)
Behrendt and Nakamura [21] computed δV(R) in detail for the so-called molecular atmosphere,
i.e., the depolarization of light backscattered by molecules only. This value, denoted δVm, depends,
basically, on the spectral width of the interference filter used in the depolarization channel. A calibration
of the actual value of ϕ0 can be performed by selecting some part of our signal which comes from a
part of the atmosphere free of aerosols at distance Rmol , so that δV = δVm :
sin 2ϕ0 =
1+ δVm
1− δVm
· δ
∗(ϕ−, Rmol)− δ∗(ϕ+, Rmol)
δ∗(ϕ−, Rmol) + δ∗(ϕ+, Rmol)
≈ δ
∗(ϕ−, Rmol)− δ∗(ϕ+, Rmol)
δ∗(ϕ−, Rmol) + δ∗(ϕ+, Rmol)
(13)
where δVm  1 has been used (the value calculated by Behrendt and Nakamura [21] according to the
parameters of our system is 3.8 × 10−3). The values of δ∗(ϕ−, Rmol) and δ∗(ϕ+, Rmol) are expected to
be very small, so we will use mainly night-time measurements, averaged over 150 min, to estimate ϕ0.
The knowledge of the actual value of ϕ0 allows a better estimation of the volume depolarization
ratio in any measurement by solving for δV(R) in Equation (7):
δV(R) =
δ∗(ϕ0, R)−V∗(R) · cos2 ϕ0
V∗(R) · sin2 ϕ0 − δ∗(ϕ0, R)
(14)
which is equal to Equation (11) for ϕ0 = 90◦.
3. Calibration and Estimation of the Polarizer Angle
CommSensLab has developed a multiwavelength Raman lidar (a complete description is available
in [22]), which has been recently upgraded with an auxiliary depolarization channel [18].
The transmitter is a Quantel-laser® Brilliant® laser (Quantel, Les Ulis, France), equipped with a
second and third harmonic generator, with 4 ns pulses with approximate energies of 130 mJ at 1064
nm and 532 nm and 40 mJ at 355 nm. The 6-channel main receiver (sensitive to the total collected
power) unit is based on a 356 mm diameter telescope (C14-A XLT, CELESTRON®, Torrance, CA, USA)
which collects the light backscattered by the atmosphere and couples it (through a field lens) to a 3 mm
diameter multimode fiber bundle (manufactured by CeramOptec®, custom-made, CeramOptec, Bonn,
Germany), with an estimated overall field of view of 1.2 mrad. The fiber bundle delivers the light to
a wavelength separation unit, which splits the light to the different channels: three elastic (1064 nm,
532 nm and 355 nm) and three Raman channels (607 nm and 387 nm for nitrogen excited at 532 nm
and 355 nm, respectively, and 407 nm for water vapor excited at 355 nm).
The aerosol depolarization auxiliary channel [18] uses a separate telescope (a 70 mm aperture,
300 mm focal distance TAIR-3S telephoto lens, BelOMO, Minsk, Belarus). The rest of the optical setup
includes a 1-mm field of view (FOV) stop iris (which provides an approximate FOV of 3.33 mrad),
a polarization analyzer, an eye-piece lens, and an interference filter (Barr Associates, Inc., Westford,
MA, USA), centered at 532 nm with a spectral width of 0.5 nm. The polarization analysis is carried out
by means of a linear polarizer mounted close to the iris that can be rotated in a controlled manner by
means of a goniometric mount.
Sensors 2018, 18, 1807 5 of 9
Neither the main nor the auxiliary telescopes are co-axial with the laser transmitter, nor are their
fields of view the same, which leads to different overlap functions for the main and auxiliary receiving
channels, especially at short distances (see, e.g., [20,23,24]).
To illustrate the method proposed in Section 2, we present the results of a calibration performed
on 15 March 2017. We perform both the +45◦ and −45◦ calibrations during two consecutive 15 min
measurements. Figure 1 shows the signals collected by the auxiliary (depolarization) telescope during
the two calibrations in the left panel, and the signals collected by the main (total power) telescope in
the right panel. It is to be noted that, while the total power signal collected has similar values for the
two calibrations, the depolarization calibration signal is stronger in the case of the +45◦ position than
for the −45◦ position. We attribute this difference to an error in the setting of the nominal position of
the polarizer of the depolarization channel, as explained in Section 2.
Figure 1. Depolarization signals (a) and total received signals (b) used in the calibration procedure.
Figure 2 shows, for two different settings of the alignment of the telescopes, the profiles of
δ∗(ϕ0 − 45◦, R) and δ∗(ϕ0 + 45◦, R), multiplied by 2 to emphasize the differences of the two profiles
and compare them with their sum, V∗(R), which will be used according to Equation (10) as the
depolarization system function. In both cases the system ratio profile shows that the full overlap of
the depolarization auxiliary telescope was obtained farther than that of the main, total power receiver
channel. The signal obtained in the auxiliary depolarization channel is around 6.5 times stronger than
in the main receiver, but its full overlap is not reached until approximately 7 km.
Figure 2. Profiles of 2δ∗(ϕ0 − 45◦, R) (green), 2δ∗(ϕ0 + 45◦, R) (blue) and V∗(R) (red) for calibrations
performed on (a) 15 March 2017 and (b) 15 May 2017.
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It must be stressed that the system ratio profile is considered to be constant from 6 km to 8 km on
for conceptual and practical reasons: on the one hand, once that full overlap is reached in both channels,
this ratio should be constant; on the other hand, the signal-to-noise ratio degrades with altitude.
As it was indicated in Equation (13), we use the values obtained in the molecular zone to
estimate the actual value of the polarizer position with respect to the transmitted beam polarization.
The estimated polarizer position angle is reported in Table 1 for the two calibrations shown in Figure 2
and six other calibrations. For the two calibrations shown in Figure 2, we find ϕ0 = 92.5◦ ± 0.1◦ for
Figure 2a and ϕ0 = 93.2◦ ± 0.1◦ for Figure 2b. Over the whole set of values of ϕ0 reported in Table 1,
we find a range of deviations from the theoretical 90◦ value comprised between −2.5◦ and +4.2◦.
Table 1. Polarizer estimated positions for different calibrations performed during 2017 and 2018.
Calibration Date Molecular Atmosphere Range Considered (m) Actual Angle Position, ’0(◦)
9 January 2017 7500–8000 90.7 ± 0.1
15 March 2017 7500–8000 92.5 ± 0.1
15 May 2017 7500–8000 93.2 ± 0.1
1 June 2017 7500–8000 93.3 ± 0.1
24 October 2017 5500–6000 87.5 ± 0.1
27 November 2017 6000–6500 88.1 ± 0.1
21 February 2018 4500–5000 90.4 ± 0.1
9 April 2018 5500–6000 94.2 ± 0.1
4. Effect of Correction on Estimation of the Volume Depolarization
The three panels of Figure 3 present the result of the volume depolarization ratio of three
different night-time measurements performed during March and April 2017 with the calibration
performed on 15 March 2017 and presented in Section 3. We have used night-time measurements
(performed over 150 min intervals) to avoid the effect of background noise. In each panel, the retrieved
particle backscattering (by means of the Raman algorithm [25]) is presented for comparison purposes.
The presence of some slightly negative values of the retrieved particle backscattering coefficient
is mainly due to small systematic errors in a zone of nearly molecular atmosphere; nevertheless,
the presented volume depolarization profiles do not depend on this particle backscattering profile.
The volume depolarization ratio value has been computed according to Equation (11) and
compared with the corrected value given by Equation (14) and the actual position of the polarizer
of ϕ0 = 92.5◦ calculated previously for the calibration performed on 15 March 2017. The volume
depolarization ratio is computed up to height values where it is assumed that the aerosol content of the
atmosphere is negligible and the only contribution to the depolarization is that due to the atmospheric
molecules. We have compared the value of the volume depolarization in the part of the atmosphere
assumed free of aerosols obtained from our measurements with the value δVm = 3.8× 10−3 calculated
by Behrendt and Nakamura [21] and corresponding to a spectral bandwidth of 0.5 nm around 532 nm.
In the measurement presented in Figure 3a, it is assumed that the atmosphere is free of aerosols from
3.5 km to 8 km, while in Figure 3b this is assumed from 11 km to 14.5 km and in Figure 3c from 7 km
to 14.5 km. The averaged relative error with respect to the theoretical value of δVm is presented for both
calculations of the volume depolarization ratio, with the finding that it is significantly smaller for the
corrected value of δV(R) provided by Equation (14); more specifically, there are reductions from 78%
to 30% for Figure 3a, from 77% to 31% for Figure 3b, and from 57% to 11% for Figure 3c. Thus, in all
three cases, the relative error reduction is better than 50%.
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5. Conclusions
We have proposed a new method for computing the volume depolarization ratio for lidar systems
which use a separate telescope for detecting the light depolarized by the atmosphere. It takes
into account the non-ideal positioning of the polarizer used in the auxiliary channel (which can
be estimated during the calibration process) to perform a correction of the calculated value. The effect
of this correction can be evaluated when the volume depolarization ratio obtained in a region of the
atmosphere which can be assumed free of aerosols is compared with the theoretical value. The observed
effect is a significant reduction (of at least 50%) of the relative deviation from the theoretical value,
according to the experimental results presented.
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